TAIPAN is a spectroscopic instrument designed for the UK Schmidt Telescope at the Australian Astronomical Observatory. In addition to undertaking the TAIPAN survey, it will serve as a prototype for the MANIFEST fibre positioner system for the future Giant Magellan Telescope. The design for TAIPAN incorporates up to 300 optical fibres situated within independently-controlled robotic positioners known as Starbugs, allowing precise parallel positioning of every fibre, thus significantly reducing instrument configuration time and increasing observing time. We describe the design of the TAIPAN instrument system, as well as the science that will be accomplished by the TAIPAN survey. We also highlight results from the on-sky tests performed in May 2014 with Starbugs on the UK Schmidt Telescope and briefly introduce the role that Starbugs will play in MANIFEST.
INTRODUCTION
Currently, astronomical multi-object spectroscopy (MOS) uses technologies such as fixed-position plug plates (e.g., SAMI, 1 SDSS-III 2 ) or pick and place robots that position fibres serially (e.g., 2dF
3 ). Even the fastest of these require tens of minutes to an hour to prepare a full complement of astrophysical target observations; despite the constraints of such systems, however, observations utilizing such technologies have been very successful. Nevertheless, the astronomical community has long sought methods for overcoming the deficiencies of these systems -particularly the potential time lost from observing, as well as the lack of flexibility in observations once targets have been selected. Several technologies to enable massive parallelisation of fibre positioning have been developed at the Australian Astronomical Observatory (AAO) and affiliated institutions, including"tilting spines" 4 and Starbugs.
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It is the latter technology, along with its initial application in an astronomical context, that we discuss in this paper. Section 2 discusses the limits of currently-existing fibre-positioning technologies and the design and capabilities of Starbugs, while Section 3 describes the TAIPAN system -a multi-object spectroscopy instrument with Starbugs playing a central role. Section 4 describes the science programs to be executed with the TAIPAN instrument, including the TAIPAN galaxy survey and the FunnelWeb stellar survey. Section 5 describes the datasets required for these surveys, and the operation method (in particular the Starbug target allocation, routing, and motion control) that will allow these datasets to be acquired. Section 6 describes the test program (dubbed Proto-TAIPAN) recently completed with several prototype Starbugs installed at the focal plane of the UK Schmidt Telescope (UKST). We conclude in Section 7 with a look ahead to the MANIFEST many-fibre system that will be installed on the Giant Magellan Telescope (GMT) within the next decade.
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El m Figure 1 . The coordinated motion of the concentric piezoceramic tubes provides the Starbug "walking" motion.
MULTI-OBJECT SPECTROSCOPY WITH OPTICAL FIBRES
Multi-object spectroscopy (MOS) primarily uses fixed-position plates (e.g., SAMI, 1 SDSS-III 2 ) or pick-and-place robots that position fibres serially (e.g., 2dF
3 ), often taking tens of minutes to an hour to prepare a field for observation. These have been very successful, given the constraints of the system. But in addition to potential time lost from observing, this lengthy preparation process makes an entire observing program much less flexible -for example, Targets of Opportunity are often impossible to follow up.
What is needed is parallelisation of the fibre positioning. One enabling technology for this technique that has been developed at the AAO is Starbugs. The Starbug system consists of concentric piezo-ceramic tubes that contract and expand or flex to allow a stepping motion across a surface (Figure 1) . These tubes can then be outfitted with an optical fibre payload in their common centre, and placed on a transparent surface at the focal plane of a telescope. Such a fibre can be positioned to within a few microns, allowing positioning accuracy to better than an arcsecond. 8 The basic walking motion has been demonstrated previously, 5 but refinements in the design and construction of the bugs were necessary for consistent, repeatable performance adequate to the task of rapid movement, micron-level positioning accuracy, and payload deployment. Details of these design and construction improvements, and a description of the concomitant performance improvements, are provided in Ref. 9. 
TAIPAN
Around the enabling technology of Starbugs, we are building the TAIPAN spectroscopic instrument. The optical fibre payloads of the TAIPAN Starbugs will allow us to engage in the TAIPAN (Transforming Astronomical Imaging surveys through Polychromatic Analysis of Nebulae) survey on the UK Schmidt Telescope at Siding Spring Observatory starting in 2016. This survey will incorporate 150 Starbugs (initially, with a potential upgrade to 300) and will cover at least 20K sq. deg. over the southern hemisphere, targeting of order 500K galaxies. Several key scientific results will emerge from this survey dataset, particularly related to cosmology and galaxy evolution. The FunnelWeb survey will use the TAIPAN instrument to observe the same sky area, but will target stars instead of galaxies. This survey will attain a nearly complete survey for all stars in the magnitude range 5<V<12. Section 4 provides further details of the scientific goals of these two surveys.
The TAIPAN Starbugs are held with vacuum onto a glass field plate matching the focal surface of the UKST. When high-voltage waveforms are applied in the proper form and sequence to the piezoceramic tubes, the Starbugs move at a rate of ∼2mm/s. A 29 Megapixel metrology camera situated in the central hole of the UKST primary mirror views the entire focal plane, and measures the locations of each Starbug, providing feedback as necessary to the Starbug control system. When all of the Starbugs are positioned properly, light will enter the optical fibre payloads of the Starbugs and then travel ∼10m to feed an R∼2300 spectrograph, a schematic of which is shown in Figure 2 . The spectrograph makes use of two 2k × 2k CCDs manufactured by e2V, one with a coating optimised for sensitivity in the blue (370 -577 nm) and another with a coating optimised for sensitivity in the red (557 -870 nm). The throughput for the entire system, from the atmosphere through the telescope down the fibres and into the spectrograph, is shown as a function of wavelength in Figure 3 . Figure 2 . The TAIPAN Spectrograph. Light enters from the left and is divided at 567nm by the beamsplitter (centre). The light is then focused into two different CCDs, one sensitive to blue wavelengths (top) and one sensitive to red wavelengths (right). Figure 3 . Estimated system throughput for TAIPAN as a function of wavelength, including the atmosphere, the telescope and instrument optics, fibre losses, and CCD quantum efficiency. The throughput for TAIPAN is more than a factor of 2 improved over 6dF, the previous instrument that was installed on the UK Schmidt Telescope. In addition to the new instrument to be installed on the UK Schmidt Telescope, the UKST itself will undergo significant infrastructure upgrades, particularly to the dome/shutter/windscreen drive motors and controls, the telescope control system (including motors, controls, and software), the telescope and instrument user interface, and the telescope guiding system. A schematic of the UKST with components of the new instrument and power distribution system is shown in Figure 4 .
SCIENCE GOALS AND REQUIREMENTS OF THE TAIPAN SURVEY
As mentioned above, TAIPAN will observe ∼500K galaxies, to a magnitude of ∼17.5 with a Signal to Noise goal of 5-10 across the entire southern hemisphere. TAIPAN will explore the formation history and evolution of these galaxies throughout cosmic time (to at least z∼1, and will precisely map their radial velocities of as a function of position and distance. The primary cosmology goal of the TAIPAN survey is to determine the value of H 0 to ∼1%, though the dataset will be used for far more than just this purpose. For example, it will enable studies of the connection between gas and stars, the impact of environment and mergers on galaxy evolution, large scale structure (including stellar and halo mass function), star formation activity correlated with AGN activity, and (in conjunction with radio surveys performed with telescopes such as ASKAP 10 ) the intergalactic magnetic field.
FunnelWeb, the stellar survey using the TAIPAN instrument, will provide a nearly complete (>99%) census of all stars in the magnitude range 5<V<12 in the southern hemisphere (>2M targets with a Signal to Noise of 100 or more). These will be used to search for exoplanets directly in the FunnelWeb data, and indirectly by providing a well-calibrated input catalog to other missions such as TESS.
11 Additionally, FunnelWeb will provide highly accurate measurements relevant to astroseismology, stellar variability, galactic archaeology, astrometry (including stellar proper motions), calibration standards, radial velocities, and spectral line widths (thereby allowing for the determination of stellar metallicity, surface gravity, and similar characteristics). Studies of the intervening ISM (by mapping the reddening of stellar light vs. position and distance) will also be done.
We need to not only observe a half million galaxies and 2 million stars during the survey, but these data must have sufficient signal to noise and sufficient wavelength stabilty in order for the science teams to realise their goals. This places stringent requirements on the optomechanical components, the spectrograph and its environment, and the Starbugs themselves. For example, the science fibre payload must be aligned within the Starbug to within 1 degree, lest the light enter the fibre off-axis and cause degradation of the signal. Similarly, the spectrograph temperature must be kept stable to within 1 degree, lest the positions on the CCDs correlated with specific wavelengths via calibration observations shift. These and a whole host of other engineering and performance requirements have been produced and are being tested against prototypes of each component, and, where applicable, in an integrated system (see Section 6, below).
TAIPAN OPERATIONS
To cover 20K sq. deg. (with multiple passes) in 5 years, we must observe of order 1000 galaxies per night in dark and gray time. To accomplish this overall plan, we will observe galaxies for 2.5 hours on a given field, split into a series of 30 min exposures that are then co-added. Because of their rapid reconfiguration time, Starbugs can be dynamically allocated to targets inbetween exposures -with this method, brighter targets will be observed only for a single 30 min exposure, and then new targets are acquired, while the Starbugs positioned to observe fainter objects remain in place for the subsequent 30 minute exposure(s). Dynamic allocation allows approximately 3× the base number of targets to be observed in a 2.5 hour period (i.e., 150 Starbugs will yield 450 targets). A sample target galaxy field (with Starbugs allocated to individual targets) is shown in Figure 5 . The FunnelWeb stellar survey provides an even greater observational challenge, as we must observe of order 5000 stars in bright time every night. This will be accomplished with significantly shorter (2-3 minute) exposures, since these targets are many mangitudes brighter than the galaxy targets.
To observe these galaxies and stars, we must position an optical fibre payload from a Starbug on each of them. The Starbug motion control algorithm begins with the Allocation of each Starbug to a target, and proceeds through the Routing stage, which determines the best route from the Starbugs' current positions to their next target position (taking into account collision avoidance and minimisation of the total reconfiguration time). Finally, the Motion stage sees each Starbug actually undertake the change in position dictated by the Routing algorithm, with feedback to a Metrology system that allows real-time correction of Starbug trajectories, with the final outcome being the positioning of each starbug to within a few microns (or about 1/20th of a pixel).
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While a 5 minute reconfiguration is required time to successfully complete the survey in the allotted 5 years, an improvement to 2-3 minutes for reconfiguration would improve the survey efficiency dramatically; thus we are continually refining the steps of these algorithms in order to utimately realise these gains for our science goals. Figure 6 . A Proto-TAIPAN Starbug (lower left) installed on the field plate, with elements of the field plate support structure shown as well. Note the concentric piezoceramic tubes, as well as the metrology fibres (three green dots between the two tubes). The electrical power, fibre feed, and vacuum hose extend behind the Starbug before bending downward to connect to the high voltage power source, the imaging CCD, and the vacuum pump, respectively.
One option we are exploring via detailed simulations is to measure the expected reconfiguration time for each Starbug independently, and only move those Starbugs that are in the fastest 90-95%. We will lose some efficiency due to the reduced number of observed targets, but the tradeoff is potentially a much faster reconfiguration time, a gain that will be of particular benefit to the FunnelWeb survey.
PROTO-TAIPAN ON-SKY TESTS
In May of 2014, we installed prototype components of the TAIPAN instrument in order to test the installation, operation, and observing procedures. The prototype components included a clear plastic field plate (bent by means of a rigid metal frame to the appropriate radius of curvature of the focal surface), several Starbugs, additional fibres for guiding and fiducial positioning, a metrology camera for positioning and closed-loop motion control of the Starbugs, a vacuum system to ensure Starbug adhesion to the field plate, electronics for both high and low voltage to power cameras, control software, and a variety of other subsidiary systems.
These components passed all of the required tests -the vacuum was sufficient to hold several Starbugs onto the field plate simultaneously, even while the telescope was in motion; the metrology system allowed the Starbug positions to be measured both in static and dynamic configurations, and the Starbugs themselves performed well enough to place large (1.5mm) imaging bundle payloads onto pre-selected targets. The Proto-TAIPAN tests culminated in a series of motions of the Starbug using the closed-loop metrology system, during which we located a target in the imaging bundle of the Starbug, moved the Starbug off of the star to its "park" position, and then moved the Starbug back to the pre-determined position of the target. Figure 6 shows one Starbug installed on the field plate, while Figure 7 is a single frame from a video showing the control console with a star centred in the imaging fibre (centre of the console, with an expanded view just left of centre).
In addition to the promising test results of the overall TAIPAN system in general (and the Starbugs in particular), we learned several important lessons from Proto-TAIPAN. Small but significant changes in the Starbug design will be implemented in the final TAIPAN Starbugs, the TAIPAN installation procedure will be modified, and important updates to the metrology hardware and software will be undertaken. After several years of research and development, and a focused period of design refinement, prototyping, and on-sky testing, the TAIPAN team is well prepared for full-scale construction of Starbugs and assembly of the TAIPAN instrument over the next year. This will process will culminate in first light for the TAIPAN instrument in the last quarter of 2015, with the TAIPAN survey commencing in early 2016. 
THE FUTURE: MANIFEST
In addition to facilitating scientific breakthroughs by utilising Starbugs for the TAIPAN survey, the TAIPAN instrument also serves as a testbed for the MANIFEST fibre positioner facility that will be installed on the Giant Magellan Telescope in the middle of the next decade. 6, 7 The entire TAIPAN project (from design, through construction and commissioning, to observation and data analysis) will provide valuable feedback for the hardware and software design of MANIFEST, as well as operational expertise that will be carried over to the GMT. MANIFEST is particularly important to the long-term success of the GMT, for although its collecting area is in fact smaller than the proposed TMT or E-ELT, the GMT + MANIFEST will have the largest etendue of any 30m-class telescope (Figure 8) . Furthermore, the Starbugs used in MANIFEST will use a variety of payloads, and they will be able to feed several of the other GMT instruments simultaneously, allowing numerous observational programs to occur in parallel -a potentially revolutionary capability, given that observing time on every 30m-class telescope is expected to be at a premium. As impressive as the scientific output is expected to be for the other GMT instruments individually, MANIFEST will truly allow it to reach its full potential as a world-leading observational facility.
